observed that dog jejunal villi in vitro exhibited little phasic movement but may contract spasmodically in response to mechanical puncture and that fluid transport into the central lacteals occurred in the villi in relaxation, but not in contraction.
These findings suggest that such a sustained contraction of villi might affect fluid transport of in vitro intestinal preparations. This investigation was thus undertaken to study the relationship between villus contraction and fluid transport of isolated dog jejunal mucosal membrane.
The effects of various ions, ouabain, phloridzin, atropine, and metabolic poisons on the fluid transport rate and villus contractility were measured. The results indicate that under all circumstances fluid transport is always reduced or inhibited when the villi are in the contracted state.
METHODS

Prepara don of Mucosal Mem bane
The canine mucosal membrane preparation of Hakim et al. (7) was modified to permit a simultaneous determination of villus contractility and fluid transport rate. Male dogs weighing 14-l 6 kg were fasted for 18-24 hr and then anesthetized by an intravenous injection of sodium pentobarbital (30 mg/kg).
0 ver a 5-to 6-hr period, about 30 pieces of mucosal membrane (about 20 x 20 mm) were taken from four to five consecutive short segments (see below) of a 40-cm section of upper jejunum.
The upper end of this. section began about 10 cm from the ligament of Treitz. As a routine, membranes were taken first from the upper segment and then in succession at approximately hourly intervals from the lower segments. No difference in results was obtained when the order was reversed or was a random one.
The procedure for stripping membranes was as follows. A short segment (about 7 cm in length) was isolated from the rest of the intestine by applying ligatures at both ends and then was cut open along its antimesenteric border. The mucosa was rinsed with the appropriate Ringer solution to remove food residue and secretions. At least six pieces of membrane may be stripped and mounted onto a membrane holder within 20 min. The setup of a membrane preparation is shown in Fig. 1 . The membrane holder was a branched glass tubing. The membrane was tied to the end (no. 3) of branch c with mucosal side upward and then positioned in a bath containing about 200 ml of Ringer solution about 5 mm below the fluid surface to minimize the hydrostatic pressure effect. The Ringer solution was maintained at 38 C by circulating warm water through the double-jacketed glass chamber, and it was gassed with 5 % C02-95 % 02 or other gas mixtures depending upon the nature of experiment. The inside diameter of the upper portion of branch c (10 mm) determined the transport area of the mucosal membrane, which was thus about 80 mm2. The inside diameter of the lower portion of branch c and that of branch b was 4 mm. Branch a was a thick-walled glass tubing (10 mm od), which was clamped on a laboratory stand. When the serosal side of the membrane was devoid of fluid, wet cotton wicks (or tobacco pipe cleaner) were placed in branches a and b to provide moisture. The transported fluid dripped to the bottom of branch c, and its volume was read from the calibrated graduations. The length of the lower portion of branch c was about 20 rnm with a capacity of about 0.4 ml, which was about the upper limit of the volume of the fluid transported within 40-60 min. If desired, the transported fluid could be sampled periodically by aspirating with a piece of polyethylene tubing through th.e tube opening no. 1. however, the absolute transport rates of membranes will also be given. P values refer to the comparison between the experimental and respective control rates.
The villi were exami ned with a stereomicroscope. For photomicrography, the membrane was mounted onto the end of a tubing with an inside diameter of 2 mm. The membrane could be stretched sufficiently to separate the villi from each other and to permit a full length of most villi to be photographed.
When the serosal side of the membrane was bathed in liquid medium, the procedure was as follows. First, the chamber without the membrane was filled with fluid (about 3 ml), the fluid rising in tube b to the level of 3 (Fig. 1) . The membrane was then mounted and placed in the bathing solution with no excess hydrostatic pressure on the serosal side. To avoid an increase of pressure due to fluid absorption, the pressure was not allowed to rise above 5 mm HZ0 and was frequently adjusted to zero (or atmospheric) by a syringe and water manometer system, which Since most villi were in an upright position in the mounted membranes, a small change in length or width could not be easily ascertained.
Some experiments were thus also performed with free villi preparations as follows. A few villi were removed from the membrane and placed in a shallow plastic dish (diameter, 40 mm; depth, 4 mm) with a dark background.
The dish with villi was submerged in 200 ml of Ringer solution in the double-jacketed glass chamber shown in Fig. 1 . When desired, the bathing solution was drained from the chamber, which was then refilled carefully with the new solution. Although during this maneuver the solution in the dish was not changed and the villi were not disturbed, the fluid in the dish equilibrated rapidly with that of the large volume new bathing solution.
No fluid transport studies were made with free villi preparations.
Effect of Type of S erosal Bathing Medium on Fluid Transport Rate
There was no difference in the fluid transport rate from SRS whether the serosal bathing medium was moist air (304 A 12 p&m2 hr, mean & SEM of eight membranes), SRS (3 10 & 15, of six membranes), or mineral oil (297 -J= 8, of five membranes).
Therefore, in all the experiments to be described below, the serosal side was moist air because of the resulting simplicity in estimating the fluid transport rate.
Fluid Transport Rates of Membranes From D$erent Sites of Upper Jejunum
The fluid transport rates of membranes taken from four consecutive segments of upper jejunum (total length, about 40 cm) were determined to be 3 18 =t 15 pl/cm2 hr (mean rt SEM of 62 membranes), 305 =t 16 (of 55 membranes), 304 =t 17 (of 55 membranes), and 290 =I= 16 (of 5 1 membranes).
The difference between these rates is not statistically significant (P > . 10 -.50). The membranes were taken from 33 to 38 dogs. However, the mean rate of 25 membranes of 14 dogs (259 & 23 pl/cm2 hr) from the segments about 10 cm below this section was slightly Ringer solution (Fig. 2E ).
3 0
Ca concentration. In SRS, the Ca concentration was Fig. 3E ). Some epithelial sloughing also was observed. HCOg and Cl concentration. When the NaHC03 concentration was varied, an equiosmolar amount of NaCl was varied to maintain isosmolarity so that the Cl concentration was also changed.
To maintain a constant pH (7.55) with varying concentration of HCOB, the composition of the gas mixture was varied. In Ringer solution without HC03, 3.34 mM phosphate buffer was present (Na2HP04, 3 mM + NaH2P04, 0.34 mM>, and the gas phase was 100% Oz. As shown in Table 4 , the fluid transport rate was reduced by half when HCOS concentration was zero (52 % of control). At 6.4 mM HCOs, the fluid transport rate was slightly but significantly lower than in the control. There was no change in rate when HCOB concentration was in the range of 12.7-50.8 mM (106-109% of control). At higher HCOB concentrations (102-147 mM) associated with low Cl concentrations (3.6-50 mM), the fluid transport rate was signifi-cantly decreased (62-66 70 of control). There was no meas- Figure 3B shows a remarkable shortening of villi with loss of tissue in 485 mOsm Ringer solution.
E$ect of Temperature
The fluid transport rate and villus contractility were determined with the mucosal fluid (SRS) maintained at different temperatures.
As shown in Table 6 , fluid transport rate was highest at 40 C (126 % of control).
At 42 C, the rate was about the same as that of the control (103 % of control mucosal fluid was 28 C or lower, and epithelial sloughing also occurred.
At temperatures above 28 C, no villus contraction was observed. (Table 7) Ouabain. A significant decrease in fluid transport rate associated with villus contraction occurred in the presence of 0.2 mM ouabain.
E$ect of Drugs and Metabolic Poisons on Fluid Transport and Villus Contraction
At 1 mM, the fluid transport rate was reduced to 58 YO of control value with a high degree of villus contraction (3+). The time course of villus contraction in the presence of 0.5 mM ouabain was followed in a free villi preparation, as shown in Fig. 4 , G, H, and I. Villi shortened slightly in 10 min, and after 40 min, villi shortened to about 30 % of the initial length with an increase in width. Control villi did not change in length or width in 60 min (Fig. 4, A  and B) , but shortened considerably after 90 min (C). Phloridzin. Phloridzin at 0.1 mM caused a slight but significant decrease of fluid transport rate (by 18 Yo) without observable villus contraction.
At 0.2 mM, villus contraction and a considerable decrease of fluid transport occurred. At 2.0 mM, the fluid transport rate was only 8 % of the control with a high degree of villus contraction (3+) (Fig. 3F ). Atropine. Atropine sulfate at 5 or 10 mM caused a large reduction of fluid transport rate (38 or 13 % of control, respectively) associated with vigorous villus contraction. negligible extent (7 % of control) in the presence of 0.2 mu of 2,4-dinitrophenol and was associated with vigorous villus contraction. Figure 20 shows the degree of contraction after 5 min in Ringer solution containing 0.2 mM 2,4-dinitrophenol.
After 40 min, epithelial sloughing also occurred.
&V&N. NaCN (l-2 mM) caused a significant reduction of the fluid transport rate (20-35 % of control) but a slight contraction of the villi (I+).
A shortening of villi in the presence of 2 mM NaC?; is shown in Fig. 3C . DISCUSSION The results of this study indicate that under a variety of experimental conditions the occurrence of villus contraction is closely related to the diminution or abolition of fluid transport across dog mucosal membrane. A vigorous contraction of villi (3+) was observed in Na-free or glucose-free Ringer solution; in the presence of atropine sulfate (10 mM), 2,4-dinitrophenol (0.2 mM), or phloridzin (1 mM); and at low temperature (18 C). Under all these conditions the fluid transport rate was zero or negligibly small. Under conditions with moderate contraction of villi (1-t or 2+), such as in K-free or low-Na (80 mM) Ringer solution or in the presence of lower concentrations of various drugs, the fluid transport rate was reduced but to a lesser degree. Over a wide range of pH of the Ringer solution (6.4-8.2), there was neither a reduction in the rate of fluid transport nor contraction of the villi. However, a decrease of fluid transport without observable villus contraction was found in some instances such as in HCOs-free and Ca-free Ringer solutions.
Under various conditions as mentioned above, either the contraction of villi or reduction of fluid transport or both could be the result of a possible decrease in cellular metabolism, especially in the experiments with ouabain and phloridzin at concentrations above 0.1 InM. At such concentrations these drugs have been known to be metabolic poisons (I, 16). Although it is not certain whether the decrease of fluid transport is secondary to the contractions of villi or vice versa, the latter may play an important role from the following considerations. u) In micropuncture studies Lee (14) observed that in vitro a significant amount of fluid was transported into the central lacteals of villi, and this finding is consistent with a previous observation (12) that the lymphatic system is the major route of transmural fluid transport in the rat intestine in vitro. Hence, the contraction of villi could occlude the lymphatic capillaries to prevent fluid entry into the lymphatic system, and consequently to inhibit fluid transport. b) It was found that under conditions with villus contraction, epithelial sloughing always resulted. It appears that a contraction of the villus core may loosen or disrupt the epithelium, or other cellular elements. Such deterioration of the villus structure may disrupt the channels of fluid transport. Therefore, the contraction of villi as well as epithelial sloughing must be taken into account in the interpretation of results of fluid transport studies.
The result for the effect of varying glucose concentration on fluid transport was similar to that reported by others (1, 7) in in vitro preparations. The present experiments demonstrate further that villi contract with epithelial sloughing in a glucose-free medium. The deterioration of villi was also observed in the histological studies of Hakim et al. (8). These findings indicate clearly that glucose, besides serving as a possible source of energy, plays an important role in the prevention of villus contraction and maintenance of villus structural integrity.
The close relationship between Na and fluid transport has been well established (3). The results of this investigation demonstrate further that Na is important in the prevention of villus contraction and maintenance of structural integrity. In Na-free Ringer solution, regardless of whether Na was replaced with K, Li, glucose, mannitol, or urea, villus contraction to the highest degree was associated with severe epithelial sloughing and with complete inhibition of fluid transport.
In Ca-free Ringer solution, the fluid transport rate was reduced by 40% (Table 2) without villus contraction. However, the villus external layer of tissue (presumably epithelium) was apparently loosened or somewhat disrupted. It seems that Ca plays an important role in the maintenance of villus structural integrity under in vitro conditions but does not cause contraction, although it may also be involved in regulating the permeability of mucosa (24). At Ca concentrations between 0.9 and 5.4 mM, the fluid transport rate was the same as that of the control (Ca, 1.8 mM). This differs from the observation of Dumont et al.
(6) that in rat ileum in vivo at Ca concentration above 1 mM the fluid transport rate decreases. The reason for the differ-ence in results between in vitro and in vivo intestinal preparations is not apparent.
In low K concentration (O-l mM) Ringer fluid there was a slight contraction of the villi associated with some epithelium sloughing and a reduction of the fluid transport rate by about 30 % (Table 3 ). The role of K in fluid transport has not been well studied; from the present results K seems to be essential for the prevention of villus contraction. The requirement of HCOS for producing a maximum rate of fluid transport by the rat intestine in vitro was first demonstrated by Smyth and Taylor (Z), and this ion also stimulates fluid transport by guinea pig or rabbit gall bladder (4). In the dog mucosal membrane, fluid transport was significantly reduced in the absence of HCOS in the Ringer solution (Table 4) , but without detectable contraction of the villi. The role of HC03 in the acceleration of fluid transport may be related to its stimulating effect on Na transport (20, 25). 0 ver a wide range of HC03 concentrations (12.7-50.8 mM), there was no significant difference in the fluid transport rate. Above this range, fluid transport was decreased. In the Ringer solution with very high HCOs concentration (147 mM), Cl concentration was reduced to 3.6 mM (added as CaCl& and the decrease of fluid transport is either due to high bicarbonate or low Cl concentration or both. The high concentration of CO2 (29 %) in the gas mixture for Ringer solutions with high HCOZ concentration is most likely not the cause of decrease in fluid transport. This is indicated by the finding that at HCOs concentrations from 12.7 to 25.4 mM saturated with 29 % CO2 in 02, no change in fluid transport was found.
It has long been known that fluid transport decreases with the increase of osmolarity of the luminal or mucosal fluid. The mechanism involved has been partly explained by the current view that isosmotic absorption of fluid is secondary to active transport of solute (13). In brief, since the transported fluid is always nearly isosmotic with the mucosal fluid, the transport of the same amount of solute from a higher mucosal osmolarity would obligate less passive water transport. From the result of the present study, the contraction of villi with epithelial sloughing in hypertonic medium must also contribute to the decrease of fluid transport. Kameda et al. (11) reported a histologically observable injury of rat intestinal mucosa and impairment of glucose absorption with hypertonic fluid in vivo. In human subjects after ingestion of a hypertonic mannitol solution, some damage on the tips of villi was also observed (15). These findings suggest that a contraction of villi might have occurred in vivo, and this might be related to the mucosa injury by hypertonicity.
In in vitro rat intestinal preparations phloridzin has been shown to inhibit fluid and glucose transport at a concentra-VILLUS CQNTRACTION AND FLUID TRANSPORT 8.
